Short running title: Piezo1 channels in bone fracture repair
Introduction
The skeleton is a complex multifunctional organ system and bone fractures are the traumatic injuries of the most common large-organs in humans. The bone repair following fractures is a postnatal regeneration in skeletal system and usually an efficient and rapid process involving both biological and mechanical aspects which aims at restoring the fractured bone to its biomechanical function and pre-damaged structure.
Unfortunately, approximately 5%-10% injured bones manifesting delayed healing and/or nonunion results in restrained movements (1) (2) (3) . The impaired fracture healing are often associated with a variety of risk factors including nutritional, biological as well as physical factors. Among these, neovascularization is believed to be crucial in normal bone healing (4) (5) (6) (7) (8) (9) (10) (11) . Several molecular players, for example, vascular endothelial growth factor (VEGF) signaling (12) (13) (14) , hypoxia (15, 16) , matrix metalloproteases (17) (18) (19) , fibroblast growth factor (FGF) (20, 21) and Notch signaling (22, 23) had been intensively explored. However, the mechanism orchestrating angiogenesis during fracture healing has not been very well defined.
The recently discovered mechanically activated cationic ion channel Piezo1, has proved as a Ca 2+ permeable transmembrane protein activated by physical force (24, 25) . It consists of a three blade assembled pore unit and formed a propeller like structure and is involved in multiple biological functions, which determined cells in responding to touch, cell volume, or stretching of the surrounding tissue through converting mechanical force into electrochemical signals (26) (27) (28) (29) (30) (31) (32) (33) . In previous studies, endogenous Piezo1 channels are highly expressed in vasculature where it directly sense the physiological shear stress imposed on endothelial cells (ECs) which have the key roles in vascular development (34, 35) . Moreover, its function has been verified in physical exercise, vascular remodeling and lymphatic vascular development (36) (37) (38) (39) (40) (41) . More recently, Piezo1 channels, as the critical mechanotransducer in controlling mechanosensitivity in osteogenesis and mechanical force dependent bone formation has been confirmed (42, 43) .
Given the vital importance of Piezo1 in vascular endothelial cells, we speculate Piezo1 might play an essential role in bone formation and remodeling during bone fracture healing. We systematically detected the function of Piezo1 in this process using conditional Cre-Lox-mediated depletion of Piezo1 in the endothelium (Piezo1 ΔEC mice) and compared with their littermates (Piezo1 fl/fl mice). Our findings revealed that Piezo1 coupled to Notch signaling pathway to determine bone remodeling.
Results

Vascular expression and distribution of Piezo1 in bone tissue
It has been reported that Piezo1 ion channels are widely expressed in a variety of cells and organs. To examine the vascular arrangement of Piezo1 channels in bone, we employed knock-in reporter mice wherein a tandem-dimer Tomato (tdT) fluorescent protein is tagged to the C-terminus of the Piezo1 channels, which has been confirmed that the expression levels and patterns are of the same as the endogenous Piezo1 channels (35, 44) . Immunostaining showed bone vasculature labeled with endomucin (EMCN) that is a membrane-bound glycoprotein expressed on the surface of endothelial cells and the Piezo1-tdT labelling with an anti-RFP antibody as indicated by the representative confocal images (Fig. 1A) . Piezo1-tdT was found localized in a large proportion to endomucin-labeled endothelial cells. In line with this result, western blot analysis revealed that the Piezo1-tdT fusion protein was readily detected in bone tissue from Piezo1-tdT mice and no signal was observed in lysates obtained from Piezo1 wildtype (Piezo1 +/+ ) mice (Fig. 1B) . The data suggest that endothelial Piezo1 is abundant in bone vasculature.
Piezo1 ΔEC mice generation and validation
To detect the endothelial Piezo1 specific disruption in mice we freshly isolated liver endothelial cells from Piezo1 ΔEC and Piezo1 fl/fl mice. Gel electrophoresis of PCR endpoint products, quantitative RT-PCR analysis and Yoda1 induced calcium entry in liver endothelial cells from Piezo1 Δ EC and Piezo1 fl/fl mice revealed the specific knockout of Piezo1 in endothelium ( Fig. 2A-D) . In contrast, ATP induced calcium entry showed no difference in liver endothelial cells from Piezo1 Δ EC and Piezo1 fl/fl mice ( Fig. 2E ). Thus, we next focus on investigating the function of endothelial Piezo1 in skeletal system.
Piezo1 ΔEC mice show severely impaired bone formation
To determine the potential role of Piezo1 during bone fracture repair, we performed stabilized femur fractures on Piezo1 ΔEC and their littermates (Piezo1 fl/fl ) when mice were injected with tamoxifen one week later. As shown in macro-images ( Fig. 3A 
Piezo1 ΔEC mice show less expression of endomucin(EMCN), RUNX2 and Osterix (Osx) during bone formation
Given that endothelial Piezo1 channels are crucial in vascular formation in development,
we hypothesized that depletion of Piezo1 in endothelial cells might affect angiogenesis and subsequent osteogenesis in bone repair. We performed immunostaining on regional sections of fractured femurs. As demonstrated in Fig. 4A 
Loss of Piezo1 severely impairs angiogenesis
Blood supply to the fracture sites is essential for bone fracture repair. In order to determine the role of Piezo1 on angiogenesis in the process of bone fracture healing, we employed Microfil perfusion and found that visible new blood vessels were formed around the fracture site in Piezo1 fl/fl mice at 21 DPF compared with Piezo1 ΔEC mice.
Furthermore, the blood vessel turned out to be close to normal in Piezo1 fl/fl mice at 42 DPF while the blood vessel in Piezo1 ΔEC mice remained interrupted ( Fig. 6A ).
Quantitatively, not only the vessel volume (fraction), but also the vessel surface were significantly lower in Piezo1 ΔEC mice than in their littermates both by 21 and 42 DPF ( Fig. 6B ). In accordance with our expectations, these data reveal that Piezo1 is able to orchestrate angiogenesis during fracture healing.
Loss of Piezo1 remarkably reduces biomechanical properties
We next sought to determine whether the altered fracture repair processes have the impact on bone structure. To this end, we analyzed the mechanical properties of fracture femora by three-bending test. As expected, we found yield load and bending stiffness were significantly decreased in samples of 21 DPF in Piezo1 ΔEC mice compared to Piezo1 fl/fl mice. Although the two parameters were slightly enhanced by 42 DPF in Piezo1 ΔEC mice compared to 21 DPF, there were still remarkably lower than Piezo1 fl/fl mice ( Fig. 7) . These data indicate that biomechanical properties are indeed reduced with the loss of endothelial Piezo1.
Piezo1 endothelial depletion impairs calpain activity
To gain insight into the mechanistic understanding of the role of Piezo1 channels in fracture healing, we next performed the calpain activity assay, given that Piezo1 channels can activate calpain, a cytoplasmic cysteine protease which requires calcium ions for its function and subsequently mediates a variety of intracellular processes including cleaving focal adhesion proteins and cytoskeletal substrates to impair angiogenesis (34) . We found that there was significantly decreased calpain activity in Piezo1 ΔEC mice compared to Piezo1 fl/fl mice, suggesting that Piezo1 activation of calpain was responsible for bone reunion (Fig. 8A ).
Piezo1 endothelial depletion couples to PI3k-AKT pathway and Notch signaling in fracture repair
Piezo1 serves as a non-selective cationic ion channel that allows Ca 2+ entry and initiates a Ca 2+ dependent downstream signals. Previous studies have demonstrated that Ca 2+ entry mechanism could lead to phosphorylation of PI3K-AKT and thus regulate proliferation, migration and angiogenesis in endothelial cells (45, 46) and promote osteoblast differentiation and mineralization (47) . A mechanical stimulation mediated Piezo1-Akt pathway in osteocytes is required for bone homeostasis (48) In line with these reports, we identified that the phosphorylation of PI3K and AKT was dramatically decreased in Piezo1 ΔEC mice compared to Piezo1 fl/fl mice at the fracture lesions. 
Discussion
To investigate whether Piezo1 ion channels, which contribute crucially to vascularization in early development in mice, are playing roles in bone fracture healing process we examined mice with stabilized fracture in endothelial specific deletion of where angiogenesis and osteogenesis are tightly coupled in bone repair.
There are increasing recognition of calpain mediated signaling pathway in angiogenesis.
Several seminal studies have revealed that VEGF induced calpain dependent activation of PI3K-AKT cascade, subsequent release of nitric oxide and generation of physiological angiogenesis. We have reported that when HUVECs overexpressing Piezo1-WT-GFP plasmid-were applied with flow accumulation of Piezo1-WT-GFP at the leading apical lamellipodia were achieved which facilitating HUVECs to migrate and thus form the new blood vessels. The harmonization of cytoskeleton and focal adhesion was controlled importantly by calpain. We further reported that at embryonic E9.5 and 10.5 stages global disruption of Piezo1 led to the decreased calpain activity.
In line with this findings it is a new paradigm that the important roles of Piezo1 in angiogenesis and bone repair and remodeling during fracture.
In present studies we focused only on the endothelial function of Piezo1 in bone fracture healing, As mentioned previously, the critical roles of Piezo1 channels in bone development have been published by two groups (42, 43) and based on the widely expression of Piezo1 in red blood cells, macrophages, monocyte and leucocytes, we postulated that the role of Piezo1 channels in impaired fracture repair may be functionally involved a more complex picture. Although there are many unanswered questions we are still facing the great opportunity to explore the precise role of bone EC subsets and blood vessels in physiological and pathophysiological environments, which will improve our mechanistic understanding of the skeletal system from the cellular and molecular aspects. Further extensive studies are needed to investigate the crosstalk between different signaling regulations and to elucidate the potential therapeutic applications aimed at preventing bone loss or stimulating fracture healing.
In summary, our results indicate that Piezo1 channels play an important role in regulating Ca 2+ entry mechanism and local vascular growth and provide valuable niche signals for osteogenesis and in reducing Notch1 expression in fracture healing.
Although mouse models of fracture healing very closely reproduce the process found in humans, they may not be exactly the same. As yet pharmacologically intervention of Piezo1 channels has limited but with high resolution cryo-EM structure identification of Piezo1 channels there will be more effective small molecules to be synthesized and clinically applied to the patients. Nevertheless, our data provide insight into how mechanical sensitive endothelial cells can promote bone fracture healing processes, particularly in regard to vascularization through a Piezo1 regulated mechanism.
Materials and Methods
Genetically modified mice
All animal studies were carried out with approval from Animal Care and Use 
Establishment of open femoral shaft transverse fracture mice model
A unilateral (right side) open transverse femur fracture was performed according to previously described protocols with modifications (50) . Briefly, mice were anesthetized with 1% pentobarbital (50 mg/kg) by intraperitoneal injection. We depilated the right leg with an electric shaver and cleaning the local area with an alcohol wipe, prior to making an incision above the right anterolateral femur. Muscle were separated by blunt dissection and exposed the middle shaft femur. When patella was flipped outwardly, a 27 gauge syringe needle was inserted into the medullary cavity paralleling with the long axis of the femur through the center of trochlear groove. The needle was then pulled out, and transverse diaphyseal fracture was created in the middle of the femur with fine scissors. Then, a 26 gauge syringe needle was aseptically introduced into the bone marrow cavity through the fracture line to achieve the fracture stabilization. The tail of needle was trimmed carefully to protect patellofemoral joint movement. The periosteum remained intact and soft tissues were well protected. Before closing the wound, neither partial fracture nor comminuted fracture was confirmed. A 4-0 silk suture was used to stitch the wound. After recovery from anesthesia, mice were placed back to their home cages with free movement. In the first three days after operation, penicillin ointment was used to avoid wound infection while buprenorphine was administered in drinking water for pain relief. Fracture repair was followed radiographically using a micro CT (Skyscan 1176 model, Bruker) weekly under anesthesia.
High-resolution 3D confocal imaging acquisition and quantitative analysis
The injured femora were dissected at 21 or 42 days after operation. During the procedure, all the surrounding muscles attached to the femur were carefully excoriated to avoid causing any mechanical damage to bones and callus tissue. The intramedullary needles were also removed carefully. We then strictly followed the standard protocol for immunofluorescence (51) . 
Histological analysis
Femora samples were harvested from Piezo1 mice at 21 DPF and 42 DPF, respectively.
Under the condition of euthanasia, fracture femora were dissected and then fixed in 4%
PFA. We decalcified the tissues with 0.5M EDTA (pH 7.4) for 2 weeks and dehydrated them in an ascending ethanol series, then in xylene for clear. Tissues were processed to be embedded in paraffin and 6 µm longitudinally thickness sections were cut by microtomes. All fixation and decalcification steps were carried out at RT. min. Slides were then coverslipped by Permount.
CT based microangiography
In order to characterize the blood vessels during bone fracture healing process at 21 
Biomechanical testing
3-point bending test was introduced to determine the bone mechanical properties with
Electroforce 3220 (Bose Corporation, USA). Experiment was conducted with the load point in displacement control, moving at a speed of 0.03 mm per second. Each sample was put in the same orientation with the cranial surface sitting on the supporting surface.
Yield load (N) and bending stiffness (N-mm 2 ) were analyzed in accordance with the force and displacement data acquired in the tests.
Calpain activity assay
Calpain activity assay kit (Abcam, ab65308) was used to measure calpain activity with detection of cleavage of calpain substrate. Briefly, mice bone samples were dissected, homogenized and re-suspended in the provided extraction buffer. Protein concentration was determined and the inputs were standardized according to total protein content.
Subsequently 100 µg of lysate was transferred to the wells in a black 96 well plate format. The plate was incubated for 1h at 37 º C in the dark with reaction buffer and substrate. After which the fluorescence reading was made with a plate reader equipped with excitation at 400 nm and emission at 505 nm. Absorbance Signals in arbitrary units were presented after subtraction of background and were shown as the relative calpain activity.
Western blot analysis
Western blot analysis was carried out according to a previously described standard protocol (52) . Proteins from fracture femora were extracted by RIPA buffer combined with protease inhibitors and phosphatase inhibitors (Roche). The supernatants were obtained by centrifugation (12, PCR products were electrophoresed on 1.5% agarose gels and sequenced to recognize their identity. PCR was performed on a CFX96 Real-Time PCR detection system (Biorad) using SYBR Green Premix Ex Taq II (Takara, Dalian, Liaoning, China). All the 2-ΔΔCT values were normalized using the reference gene β-actin.
Isolation of liver endothelial cells
Murine liver tissues were kept in cold EBM-2 medium. Endothelial cells were isolated using CD31-conjugated microbeads (Miltenyi Biotec). Initially, the tissue was minced and resuspended in a disgestive solution consisting of 9 mL 0.1% collagenase II, 1 mL CD31-positive cells remained in the column, and CD31 negative cells passed through as eluents. CD31-positive cells were washed with warm EBM-2 medium, placed in one well of a fibronectin coated 6-well plate, and incubated in a 5% CO2 incubator. Medium was changed at 12 h, and then every 48 h until ready to be used. MgCl2, titrated to pH 7.4 with NaOH. Cells were washed three times in SBS.
Intracellular calcium measurements
Measurements were made at RT (21 ± 2°C) and excited with 340 and 380 nm light, and emissions was collected at 510 nm. The change of intracellular Ca 2+ concentration was expressed by the change of Fura-2 fluorescence ratio at two excitation wavelengths.
Statistical analyses
All data were presented as the mean ± SEM, where n indicates the number of independent experiments. Unpaired, two-tailed Student's t-tests were used in this study for comparing two groups. For some data sets, one-way ANOVA followed by Tukey's multiple comparison test was used. No animals or samples were eliminated from analysis, and when applicable, animals were randomly assigned to treatment and control groups. In our experiments, P<0.05 were regarded to be significant and indicated by '*'. The Origin software (8.5) was used for statistical analysis.
Materials
Unless stated separately, all chemicals that used were purchased from Sigma-Aldrich.
Fura-2-AM (molecular probe) was dissolved in DMSO at a concentration of 1 mM.
Pluronic acid F127 was in DMSO of 10% w.v -1 and stored at RT. Yoda1 (Tocris) was prepared as a 10 mM stock solution.
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